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  1.     Introduction 

 Nanostructuring for tailored optical functionality suffers from 
a lack of methods for large-area and low-cost fabrication. While 
electron beam lithography allows different complex shapes to 
be deposited onto the same substrate layer, the writing process 
is sequential and the fabrication is very expensive. Large-area 
methods, such as nanosphere lithography, [ 1 ]  colloidal lithog-
raphy using shadow-angle evaporation, [ 2 ]  as well as hole-mask 
colloidal lithography [ 3 ]  all enable the creation of complex plas-
monic structures. These methods have already permitted the 
manufacture of Fano resonant sensors, [ 4 ]  nanoantennas for 
enhanced detection of infrared (IR) vibrations, [ 5 ]  nanoplasmonic 
hydrogen sensing, [ 6–8 ]  and 3D plasmonic nanostructures. [ 9,10 ]  
Also, they have been used for the creation of nanodimer color 
routers, [ 11 ]  metamaterial nanosandwiches, [ 12 ]  combining various 
feature sizes on one surface, [ 13 ]  and multielement antennas. [ 14,15 ]  

 A novel fabrication method, multiple repetitions of hole-mask colloidal nano-
lithography, is introduced to create single-layer metasurfaces with complex, 
multishape plasmonic nanostructures that exhibit desired optical functionali-
ties. Large-area and low-cost fabrication of different samples with indepen-
dently tunable resonances are demonstrated. These single-layer metasurfaces 
may fi nd applications as multiline surface-enhanced infrared absorption and 
broadband substrates. This fabrication method is particularly suited for the 
creation of large-area, single-layer C 3 -rotationally symmetric, 3D chiral meta-
surfaces, and this approach circumvents common problems with elliptical 
birefringence and can be utilized for interaction with chiral substances. 

Other methods, such as interference 
lithography, [ 16 ]  generate mostly simple 
structures, such as lines or dots. Impor-
tantly, using the abovementioned fabri-
cation methods, only one single shaped 
element can be deposited, which can be 
repeated either regularly or in a random 
fashion over a very large area. No C 3 - or 
C 4 -rotationally symmetric arrangements 
of a single pattern can be achieved, as is 
required for chiral substrates. However, 
more fl exible combinations of different 
complex shapes on one single metasurface 
are required to attain the desired tailored 
optical functionality, which is important 

in the context of chiral plasmonics, [ 17–23 ]  plasmonic nanoan-
tennas, [ 24,25 ]  and materials for active plasmonics. [ 26,27 ]  

 To combine all the elements for the creation of low-cost 
highly functional nanooptical devices over square centimeter 
areas, we need to be able to create a wide variety of nanostruc-
tures on the same substrate with maximum fl exibility, both in 
terms of choice of motif and choice of materials. Particularly, all 
elements should be mixed and placed on a single metasurface, 
which is on the top surface of one sample, to obtain desired 
plasmonic resonances in the visible and simultaneously in the 
infrared, and to enable interaction with other materials. This is 
specifi cally important for surface-enhanced infrared absorption 
(SEIRA) or surface-enhanced Raman spectroscopy (SERS). In 
order to fabricate truly chiral plasmonic substrates, two condi-
tions need to be fulfi lled, namely, the individual nanostructures 
need to exhibit chirality of a certain handedness, and the ori-
entation of the individual chiral nanostructures needs to have 
C 3 - or C 4 -symmetry, on a single surface. If we chose to stack 
three different surfaces, we would not be able to obtain a single 
metasurface, for example, for chiral sensing. Also, for sensing 
applications, a single surface with resonances in the visible 
and in the infrared is needed to accommodate visible as well as 
infrared resonances for the same sensing surface. Furthermore, 
for samples with plasmonic parity-time (PT) asymmetry in 
the visible or near-IR region that consist of different materials 
(having the same resonance wavelength but different absorp-
tion coeffi cients), also a single metasurface is required. 

 Here, we use multiple repetitions of low-cost and high reso-
lution hole-mask colloidal lithography to fabricate large-area 
high-density complex plasmonic nanostructures with variable 
shapes, which are mixed well and arranged on one single meta-
surface, for realization of real multifunctional optical devices. 
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This method is not a simple repetition of the normal hole-mask 
colloidal lithography, which was used for our previous work, but 
an obvious advance and perfection of this fabrication technique, 
as more parameters must be optimized for successful fabrica-
tion of multishape metasurfaces. For example, by controlling 
the mask-hole density as well as the evaporation para meter, 
the concentration of each set of structures can be tuned, to 
avoid overlapping and clustering, and the size of each element 
can be controlled precisely. This advanced fabrication method 
allows for the integration of different shapes and even different 
materials into one nanostructured composite. To demonstrate 
the versatility of this approach, we combine two different sized, 
90° rotated split-ring-resonators (SRRs), resulting in multiline 
spectra with independently tunable resonances, which could 
fi nd use in multiline enhanced SEIRA. As a second example, 
we prepare three different SRRs with various arc lengths on 
one single metasurface using three repetitions of hole-mask 
lithography for broadband spectra. Finally, we combine multi-
shape deposition and 3D fabrication to create large-area, 
C 3 -symmetric chiral metasurfaces, [ 28–30 ]  which exhibit optical 
circular dichroism (CD). [ 31–33 ]   

  2.     Fabrication Processes of Repetitive Hole-Mask 
Colloidal Lithography 

 The repetitive hole-mask fabrication process is depicted in 
 Figure    1  . We use conventional hole-mask colloidal litho-
graphy [ 4,5,17 ]  to create the fi rst set of structures. The mask prep-
aration includes spin coating of a poly(methyl methacrylate) 
(PMMA) layer (Figure  1 a), drop casting of positively charged 
polyelectrolyte solution poly(diallyldimethylammonium chlo-
ride) (PDDA) (Figure  1 b), followed by drop casting of a nega-
tively charged polystyrene (PS) spheres (Figure  1 c), evaporation 
of a 20 nm gold fi lm as an etching mask (Figure  1 d), lift-off of 
the PS spheres (Figure  1 e), and fi nally oxygen plasma etching 
(Figure  1 f). Afterward, we use tilted-angle-rotation evapora-
tion [ 34 ]  with the prepared hole-mask to create a set of SRRs 
(Figure  1 g). The second set of structures is formed by repeating 
the same hole-mask preparation process on the sample coated 
with the fi rst set of gold structures. A slight waviness of the 
second PMMA layer arises from modulation by the fi rst set of 
structures. Hence, the distribution of the positive charge from 
the PDDA solution is strongly infl uenced. More positive charge 
accumulates on the regions where there are no metallic struc-
tures under the PMMA fi lm (Figure  1 h). The PS spheres of the 
second repetition, which defi ne the positions of the mask-holes, 
prefer to settle on these metal-free regions through electrostatic 
interactions. Utilizing the second gold hole-mask, another set 
of nanostructures with a different geometry to the fi rst set can 
be evaporated over empty regions of the substrate (Figure  1 i). 
By optimizing the density of the PS spheres, and by choosing 
an appropriate design for the nanostructures being depos-
ited, the two different structures can be well separated later-
ally. By controlling the concentration of PS spheres deposited 
for each repetition, multishape samples with up to three dif-
ferent types of nano-motifs incorporated into the fi nal material 
are formed, as shown in Figure  1 j,k. Of course, as the number 
of different shapes increases, the fabrication becomes more 

diffi cult and the overall optical quality of the sample slightly 
decreases.  

  2.1.     Control of the Mask-Hole Density 

 The most important parameter for repetitive hole-mask fab-
rication is the number of deposited PS spheres used in each 
fabrication cycle. To enable a larger number of different struc-
tures mixed on the same substrate, the concentration of the PS 
sphere solution should be tuned to a suitably low value to avoid 
clustering after structure deposition and to achieve enough 
strong signal-to-noise ratio for the later optical measurement. 
The concentration of the PDDA solution should also be appro-
priate to the PS solution concentration due to electrostatic 
interactions. The details of the mask-hole density controlling 
were discussed in ref.  [ 15 ] . In this paper, we use 0.005 wt% PS 
solution for two-shape samples and 0.002 wt% PS solution for 
three-shape samples. The PDDA solution used for preparing 
both types of samples is 0.1 wt%. In our case, the neighbor-
to-neighbor distance of the fabricated structures is larger than 
a few tens of nanometers, hence plasmon hybridization effects 
due to lateral coupling are unlikely to play an important role. [ 35 ]   

  2.2.     Control of the Tilted Evaporation Angle 

 Another important parameter for the repetitive fabrication pro-
cess is the tilted angle  θ  for the evaporation. For ring-like struc-
ture geometry, the radius of the ring  r  depends on the PMMA 
layer thickness  h  0  and the tilted angle  θ  with  r  =  h  0 tan θ . [ 5 ]  For 
the second fabrication cycle, the spin-coated PMMA layer on 
a substrate, which already has nanostructures on it, is slightly 
thicker than the PMMA spin-coated initially on a clean sub-
strate, even using the same spin coating parameters. Due to the 
existence of the fi rst set nanostructures on the substrate, the 
hydrophobicity of the substrate surface is enhanced, resulting 
in a thicker spin coated PMMA layer.  Figure    2  a,b show scan-
ning electron microscope (SEM) images of two-shape samples, 
which are fabricated by two repetitions of mask preparation 
and subsequence metal evaporation. We use exactly the same 
tilt angle  θ  = 25° for the two-SRR sample and  θ  = 23° for the 
two-3D SRR sample, but the size of each set of structures is 
defi nitely different. The second set of ring structures, which 
are evaporated in the second fabrication cycle, show a larger 
radius  r  than that of the fi rst set, due to a larger thickness  h  0  
of the second time spin coated PMMA layer. In order to obtain 
the same structure size for the fi rst and second fabrication 
cycle, we introduce a correction factor Δ θ  = −1.5°, as shown 
in Figure  2 c. The 3D SRR structures fabricated in the second 
cycle using a tilted evaporation angle  θ  2nd  = 19−1.5° = 17.5° 
show the same size as the structures fabricated in the fi rst 
cycle with  θ  1st  = 19°. For the third fabrication cycle, we use the 
same para meters as in the second cycle, which means there is 
nearly no difference in the PMMA layer thickness which is spin 
coated on the samples with one and two set fabricated nano-
structures on them. The very slightly increased concentration of 
the nanostructures on the substrate does not affect the surface 
hydrophobicity of the sample. Therefore, to achieve the same 
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structure size in each fabrication cycle, we only need to use the 
correction factor Δ θ  = −1.5° for the second cycle, and then for 
the rest of the fabrication process, the same parameters can 
be used as in the second cycle. Based on this, we can vary the 
structure size of each set elements of one single metasurface 
very precisely and reproducibly.    

  3.     Optical Responses of the Fabricated Multishape 
Single-Layer Metasurfaces 

  Figure    3   shows the results of different multishape single-layer 
metasurfaces fabricated with repetitive hole-mask lithography. 

In the SEM images (shown in the fi rst row), clearly different 
structure geometries mixed and together on the same sub-
strates with well separated arrangement are observed. All sam-
ples are measured using Fourier transform infrared (FTIR) 
spectroscopy with 0° (black curve) and 90° (red curve) polariza-
tion (shown in the second row), as defi ned in the upper-right 
corner in Figure  3 a. Finite-difference time-domain (FDTD) 
code (CST Microwave Studio) is used for the simulations, 
which are shown in the third row. The refractive index of the 
glass substrate is assumed to be  n  = 1.5, and a Drude model 
with plasma frequency  ω  p  = 1.37 × 10 16  Hz and a damping 
constant  κ  = 1.2 × 10 14  Hz is used to describe the permittivity 
of bulk gold. The period used in the simulation is the average 
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 Figure 1.     Fabrication scheme of repetitive hole-mask colloidal lithography. a) Spin-coating of a fi lm of PMMA onto a substrate. b) Drop-casting of 
positively charged PDDA solution onto the PMMA fi lm. c) Deposition of negatively charged PS spheres onto the PMMA fi lm. d) Evaporation of a thin 
layer of gold as an etching mask onto the PS spheres. e) Removal of the PS spheres. f) Oxygen plasma etching. g) Tilted-angle-rotation evaporation 
of the fi rst set of gold nanostructures (in this case SRRs) using the prepared gold hole-mask created by the fi rst layer of PS spheres. h) Deposition of 
a second layer of PS spheres onto a second PMMA fi lm, which is spin coated onto the previous sample and covered with PDDA, then repeating pro-
cesses d–f). i) Evaporation of a second set of gold nanostructures (in this case 90° rotated SRRs) using the second hole-mask prepared on the same 
substrate. j) Deposition of a third layer of PS spheres onto a third PMMA fi lm, then repeating of processes d–f) again. k) Evaporation of a third set 
of gold nanostructures (in this case plasmonic disks) using a third hole-mask on the same substrate layer. This method can in principle be repeated, 
until a high density of structures is reached.
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distance of the neighboring structures, which depends on the 
coverage over the entire substrate.  

 The fi rst example is a two-shape sample consisting of 
SRRs with two different sizes and perpendicular gap direc-
tions, as shown in Figure  2 a. Multiresonance spectra can be 

easily achieved through this design. For 90° 
polarization, the fi rst-order SRR mode of the 
smaller structures lies at about 2800 nm, the 
third-order mode at about 1200 nm, while the 
second-order mode of the larger structures 
is at around 1900 nm and these three modes 
are readily observed in both experimental and 
simulated spectra. However, for 0° polariza-
tion we only see two resonances: the fi rst-
order mode of the larger SRRs at about 3500 
nm and one strong dip at around 1400 nm. 
This well-modulated resonance is due to 
the overlap of the second-order mode of the 
smaller SRRs and the third-order mode of the 
larger SRRs. This phenomenon indicates that 
by suitable design of multishape samples, 

we can also reduce the number of resonances in the multiline 
spectra or enhance the modulation depth of the expected reso-
nance. Actually, a single-SRR sample already exhibits three res-
onances simultaneously under 45° polarization illumination, as 
discussed in ref.  [ 5 ],  but it is diffi cult to tune all the resonances 

independently. With this two-SRR design, 
more tunable resonances for a possible mul-
tiline resonant SEIRA measurement are 
obtained, which is important for detection of 
a large number of different vibrational modes 
in a single molecule or even several different 
molecules at the same time. This sample 
might be modifi ed in the future to serve as 
plasmonic PT-asymmetric metasurface [ 36 ]  in 
the visible or near-IR for the case when two 
different materials are used and the reso-
nances are kept the same. Our method would 
constitute a very elegant and simple fashion 
to achieve this functionality over large 
areas. 

 For many applications, broadband spectra 
are required. Figure  3 b shows one of the pos-
sible designs: a three-SRR-shape sample fab-
ricated with three repetitions of hole-mask 
litho graphy. The three SRR geometries have 
the same radius and gap directions but dif-
ferent arc lengths, which are easily prepared 
by changing the evaporation parameters. The 
differences in the arc lengths are adjusted to 
ensure that the excited plasmon modes of the 
three SRRs are close enough to realize broad-
band features around 2000–3000 nm. 

 Our method allows for different, more 
fl exible designs of multifunctional nano-
optical devices, such as two-shape samples 
consisting of mixed gold SRRs and disk 
structures, which is a possible platform to 
realize simultaneous SEIRA and SERS, as 
the SRR structures with resonances in the 
infrared can be used for antenna-enhanced 
SEIRA [ 5 ]  and the disk structures provide a 
plasmon resonance near the visible range 
for excitation with a visible Raman laser. The 
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 Figure 3.     A variety of different multishape nanostructures fabricated by multiple repetition of 
hole-mask colloidal nanolithography (shown in the fi rst row) and the corresponding optical 
spectra from FTIR measurements (shown in the second row) and FDTD simulations (shown 
in the third row). All the samples are measured with 0° (black curve) and 90° (red curve) 
polarization, which are defi ned and depicted in Figure  3 a upper-right corner. a) Two different 
sized SRR structures with orthogonal gap directions. b) Three-repetition SRRs sample with 
different arc lengths.

 Figure 2.     SEM images of the fabricated two- and three-shape samples with the tilted angles 
 θ  for each cycle evaporation. a) Two 90° rotated SRR shapes, which are evaporated using the 
same tilt angle  θ  = 25°. b) Two 120° rotated 3D SRR shapes, which are evaporated with the 
same tilt angle  θ  = 23°. c) C 3 -symmetric 3D SRR shapes using tilt angle  θ  = 19° for the fi rst 
time,  θ  = 17.5° for the second time, and  θ  = 17° for the third time evaporation, respectively.
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optical response of such a sample has been shown and dis-
cussed in ref.  [ 17 ] . 

 Particularly, for vibrational detection of various substances, 
it is essential to obtain infrared spectra of the entire fi nger-
print region, which means that several vibration bands should 
be plasmonically amplifi ed. For example, ultrasensitive detec-
tion of TNT requires observation of the vibration bands at 6.45 
and 7.4 µm. [ 37 ]  RDX, another dangerous explosive, exhibits 
fi ngerprint vibrations at 6.3, 7.5, 8.0, and 9.7 µm. [ 38 ]  Com-
monly, very expensive quantum cascade lasers are used for this 
detection, and the whole vibrational region of interest cannot 
be spanned by a single laser. A simple resonant antenna chip 
with four different antenna sizes matching their plasmonic 
resonances with the vibrational bands, fabricated by our novel 
repetitive colloidal hole lithography method, would easily create 
a single substrate that can be used in a cheap compact FTIR 
spectrometer for this standoff detection. 

 Using single-repetition hole-mask colloidal lithography, 
structures with more than one material or even with 3D geom-
etries can also be created. [ 6 ]  As shown in the SEM image in 
 Figure    4  a, we fi rst evaporate magnesium fl uoride (MgF 2 ) disks 
with a thickness of about 30 nm. Afterward, we change the 
material crucible in the vacuum chamber and directly evaporate 
normal gold SRRs using the same hole-mask. Using a polar 
angle controllable motor during the evaporation, one side of 
the gold SRRs is exactly deposited on the MgF 2  disks. Due to 
the clogging effect of the hole-mask, the fabricated disks are not 
perfectly shaped cylinders, but rather more circular truncated 
cones. Thus, one side of the gold SRRs has a small vertical 
slope to form a 3D geometry.  

 By combining this 3D fabrication and multishape fabrica-
tion as introduced before, large-area 3D SRRs, which exhibit 
birefringent- or even C 3 -symmetry, can be realized, as shown in 
the SEM images of Figure  4 b,c, with the red arrows pointing 
to different gap directions in these samples. In principle, one 
could also stack different twisted layers above each other. [ 39 ]  

However, in this case, the relative alignment plays a crucial 
role. [ 40 ]  Additionally, stacking does not allow for interaction 
of the submersed layers with materials on the surface, [ 41 ]  for 
example, in the case of refractive index sensing or SERS/SEIRA. 
Moreover, even though a C 1 -symmetric sample shows a signal 
when measured in a CD spectrometer, this signal arises due 
to elliptical birefringence and is not true evidence for circular 
dichroism. Only C 3 - or C 4  symmetric nanostructures will exhibit 
optical chirality, as discussed in ref.  [ 42 ] , Supporting Informa-
tion. In order to demonstrate the potential of our multishape 
fabrication technique for creating novel optical functions in 
materials, we experimentally verify the optical CD of all the 
3D SRR samples. Chiral structures cannot be superimposed 
on their mirror images, [ 43 ]  and the left- or right-handed ver-
sion of them can only be distinguished from their interaction 
with circularly polarized light, therefore we usually examine 
the CD spectra to characterize them. CD is defi ned as the 
absorbance difference between left- and right-handed circu-
larly polarized light. In our experiment, the FTIR setup only 
allows refl ectance measurements for circularly polarized light 
over a limited wavelength range. Within this range the absorb-
ance spectra and 1 − Transmittance spectra are comparable, [ 44 ]  
hence we use Δ T  =  T  RCP  − T  LCP  to denote CD spectra in our 
experiment. A truly chiral structure with C 3 - or C 4 -symmetry, 
which makes the sample uniaxial in the z-direction, shows an 
illumination-direction (+ and − z  direction) independent CD 
spectrum. Due to elliptical birefringence arising from the biaxi-
ality of non-C 3 - or C 4 -symmetric samples, contributions from 
polarization conversion are expected to the measured spectra, 
which would change the sign of the CD spectra for different 
illumination directions. CD of birefringent samples can be 
calculated with the formula Δ T  = 1/2(Δ T  forward  − Δ T  backward ). [ 42 ]  
In consequence, we measure transmittance of all our 3D SRR 
samples for perpendicularly incident left- and right-handed cir-
cularly polarized light with both forward and backward light 
propagation, as shown in Figure  4 . 
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 Figure 4.     3D SRRs with C 1 -symmetry a), birefringent- b), and C 3 -symmetry c), which are fabricated via one, two, and three repetitions of hole-mask 
colloidal nanolithography, respectively. The SEM images are shown in the fi rst row, with red arrows indicating the gap directions of the 3D SRRs. All 
the spectra are collected with a FTIR spectrometer using left-handed and right-handed circularly polarized light in forward (black curve) and backward 
(red curve) directions. In the second row, we display the CD spectra of the three samples for both directions of illumination.
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 Figure  4 a,b show the SEM images (top) and 
the measured CD spectra for both illumination 
directions (bottom) of C 1 - and birefringent sym-
metric right-handed 3D SRRs. The CD spectra 
of both samples measured with forward (black 
curve) and backward (red curve) illuminations 
exhibit nearly mirror symmetry with respect 
to the zero line, confi rming that there is no 
true chirality in the C 1 - and birefringent sym-
metric samples. The maximum transmittance 
differences Δ T  of the C 1 -symmetric sample are 
about 5% at around 2500 nm and 8%–10% at 
around 1300 nm, these values agree with the 
positions of the fi rst- and the second-order 
SRR modes, respectively. For the birefrin-
gent symmetric sample, one maximum Δ T  of 
about 2–4% is observed at around 2200 nm, 
and the other one at about 1200 nm. The spec-
tral features of the two samples are similar 
because the designs of both samples are sim-
ilar. The small blue shift of the CD responses 
of the birefringent sample stems from the rela-
tive smaller SRR-size. 

 As shown in Figure  4 c, the CD spectra of 
C 3 -symmetric left-handed 3D SRRs for for-
ward and backward illumination are qualita-
tively similar to each other, except for broad-
ening and some shift of the resonance due 
to fabrication and measurement tolerances, 
which can be easily improved by more accu-
rate manufacturing in the future. However, 
compared to the samples in Figure  4 a,b, 
this sample defi nitely exhibits the key sig-
nature of optical chirality, namely, circular 
dichroism, which is independent of illumina-
tion direction. This confi rms both the effi cacy 
and the quality of our multishape fabrication 
method. 

 To further study the chirality of the sam-
ples, we compare the CD spectra of the 3D chiral SRRs with 
different handednesses.  Figure    5  a shows the SEM images 
of the right-handed and left-handed structures together with 
the corresponding CD spectra (blue label and curve for right-
handed version and pink for left-handed version). It is clearly 
recognized that they exhibit opposite chiral responses, as 
expected. Again, two main resonances are observed at about 
1300 nm and 2300 nm. Figure  5 b depicts the corresponding sim-
ulations, which agree well with our experiment. The deviations 
arise mainly from the fact that the exact modeling of our experi-
mental shape is very diffi cult. For simplicity, a continuously 
sloping SRR shape is assumed, which is embedded in an average 

refractive index background material with ε ε ε= +
1

2
( )avg air substrate . 

This is a somewhat idealized scenario, as the real structure is a 

somewhat fl atter SRR with one corner on the MgF 2  disk. There-
fore, the theoretically predicted CD value is higher than the 
experimentally observed one, and the simulated resonances are 
much narrower without inhomogeneous broadening.   

  4.     Conclusion 

 In summary, we have demonstrated that multiple repetitions 
of hole-mask colloidal lithography on the same substrate in 
combination with sparse hole-coverage and controlled tilted-angle-
rotation evaporation enable multishape nanofabrication on the 
very same substrate layer. This method is intrinsically large-
area and low-cost. Simultaneously, it allows for a large variety of 
structural designs, which includes 3D structures, stacking, and 
different materials. We have demonstrated the fl exibility of our 
fabrication method on four different types of diverse plasmonic 
multishape single-layer metasurfaces with excellent optical func-
tionality, namely, plasmonic SRRs together with disks on a single 
substrate layer, which enable the measurement of SEIRA and 
SERS on the same sample; an arrangement of differently ori-
ented SRRs with different sizes, which would allow for multiline 
SEIRA measurements; a group of SRRs with different arc lengths 
at the same orientation, which give broadband resonant behavior; 
and fi nally C 3 -rotationally symmetric 3D chiral SRRs, which show 
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 Figure 5.     Comparison of the right-handed and left-handed 3D chiral SRRs. a) SEM images of 
the right-handed chiral SRRs (blue label) and the C 3 -symmetric left-handed chiral SRRs (pink 
label). In the middle, we show the calculated (as described above) CD spectrum (blue curve) 
of the right-handed sample compared to the forward measured CD spectrum (pink curve) of 
the left-handed sample. b) Simulations of the right-handed (blue dashed-dotted curve) and 
left-handed chiral SRRs (pink red dashed-dotted curve).
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truly chiral optical responses independent of propagation direc-
tion (− z  and + z ). Such chiral metasurfaces could fi nd use as tun-
able waveplates in the near- and mid-infrared spectral region, as 
well as enhancement antennas for vibrational circular dichroism. 

 In the future, we will be able to combine our structures in 
hybrid systems to engineer unprecedented functionalities in 
nanoplasmonic systems. This includes nonreciprocal materials 
such as bismuth iron garnet (BIG), that results in plasmonically 
enhanced Faraday rotation [ 45 ]  or the magneto-optical Kerr effect; 
or materials such as palladium (Pd) or yttrium (Y), [ 46,47 ]  which 
can give rise to complex plasmonic sensors; and also phase 
change materials such as VO 2  or GeSbTe. [ 48,49 ]  This method 
also constitutes a very elegant and simple approach to the fab-
rication of large-area plasmonic PT-asymmetric metasurfaces in 
the visible or near-IR for the case when two different absorbing 
materials are used and the resonances are kept the same.  
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